We have shown that failing human and rabbit left ventricle (LV) exhibits downregulation and dephosphorylation of connexin43 (Cx43) and that Cx43 dephosphorylation in heart failure (HF) contributes to reduced cell coupling. However, the role of Cx43 downregulation per se in impaired coupling in HF is unclear.
Introduction
Nearly 5 million Americans are suffering from heart failure (HF). 1 Deaths in patients with HF (whether due to non-ischaemic or ischaemic HF) occur suddenly in nearly one half of patients, primarily from ventricular tachycardia (VT) degenerating to ventricular fibrillation (VF). 1 However, effective pharmacological approaches to prevent the development of these lethal arrhythmias in HF remains limited due to our lack of understanding of the underlying electrophysiological and biochemical mechanisms.
VT in non-ischaemic HF initiates primarily by a non-reentrant mechanism. 2 However, myocardium from patients with nonischaemic HF due to idiopathic dilated cardiomyopathy exhibits non-uniform anisotropy, slow conduction, and conduction block 3 that could underlie reentry during the transition from VT to VF. There is accumulating evidence that alterations in intercellular coupling involving cardiac gap junctions may underlie slow conduction in non-ischaemic HF. We 4 and others 5, 6 have shown that 40% reduction of connexin43 (Cx43) [mRNA and protein in both left ventricle (LV) tissue and isolated LV myocytes] was associated with decreased intercellular coupling and, ultimately, slow conduction in the failing human heart and experimental HF animal models. Moreover, we reported for the first time that with HF there is an enhanced dephosphorylation of Cx43 which is due to an increased level of protein phosphatase 2A (PP2A) that is co-localized with Cx43 protein. This increased dephosphorylation of Cx43 leads to impaired intercellular coupling, evident by improvement in intercellular coupling with protein phosphatase inhibition. 4 However, the functional role of downregulated Cx43 expression per se in impaired intercellular coupling in HF is not well understood. Although a number of agents have been used to block gap junction channels to study the functional role of gap junction channels in isolated myocytes or perfused animal heart, 7 those agents can also block other ion channels (such as Na channels) 8 and can even change intracellular pH. 9 Therefore, genetically engineered mice that lack Cx43 proteins had been generated to define the role of Cx43 expression in conduction. While homogenous Cx43 knockout mice are embryologically lethal, 10 Cx43 heterozygous knockout mice (with a 50% reduction of Cx43 protein vs. wild-type mice) have a normal lifespan. However, the results of cardiac electrophysiological abnormalities from Cx43 knockdown hearts have been conflicting, with slow ventricular conduction noted in some studies, 10, 11 but normal conduction observed in others. 12 A recently developed transgenic mouse model with cardiac specific Cx43 ablation during development 13 showed slowed conduction when Cx43 was reduced up to 80%, but unchanged conduction when 40% of Cx43 was deleted (although there was a trend toward slow conduction). Overall, these results raise questions as to whether a 40 -50% downregulation of Cx43 proteins (such as in HF) can affect intercellular coupling significantly. It is well known that Cx43 is a phosphoprotein and that the phosphorylation state of Cx43 plays an important role in intercellular coupling. 14 As such, the unknown phosphorylation state of the remaining 50% Cx43 in the Cx43 2/þ transgenic mouse hearts in these studies could contribute to the disparate results. Thus, to explore the role of Cx43 protein expression in modulating coupling, we knocked down Cx43 protein by a novel small interfering RNA (siRNA) gene silencing approach in cultured adult control rabbit myocytes. Then, to further define the role of downregulated Cx43 in HF myocytes, we overexpressed Cx43 in isolated LV myocytes from HF rabbits using an adenovirus (Ad) encoding a wild-type rat Cx43 gene sequence. Intercellular coupling was assessed using our well-developed Lucifer Yellow (LY) dye microinjection technique 4 in isolated cardiac myocyte pairs. The phosphorylation state and distribution of Cx43 proteins were also determined using immunocytostaining and immunoblotting approaches. Our studies provide further evidence that Cx43 protein levels (independent of Cx43 phosphorylation and distribution) modulate intercellular coupling in heart and that Cx43 downregulation in HF per se contributes to intercellular uncoupling.
Methods
An expanded Materials and Methods section is available as Supplementary material online.
Generating and purifying recombinant adenoviruses
Recombinant adenoviruses containing specific pre-designed siRNA sequences including Cx43 (Cx43siRNA), GAPDH (GAPDHsiRNA, positive control), and scrambled negative (adNegsiRNA, negative control) were constructed according to the manufacture's instruction (Ambion). Adenoviruses encoding the full length of wild-type rat Cx43 DNA (AdCx43WT) and LacZ (AdLacZ) were obtained as gifts from Dr Eric Beyer (University of Chicago).
Obtaining LV tissue and isolated myocyte from control and failing rabbit heart
New Zealand White rabbits underwent induction of HF as previously described. 
Adenoviral infection in isolated LV myocytes from control and HF rabbits
Isolated LV myocytes from control and HF rabbits were infected with AdCx43siRNA (or with AdGAPDHsiRNA or AdNegsiRNA as controls) or AdCx43WT (with AdLacZ as a negative control), then cultured with pacing in a supplemented M199 medium for up to 48 h. Adenoviral infection efficacy was determined by assessing b-galactosidase expression using X-Gal staining.
Western blot analysis and PCR
Western blotting was performed as previously described. 4 Total Cx43 protein (Cx43-T) was assessed using a polyclonal Cx43-T antibody (Zymed). The non-phosphorylated isoform of Cx43 (Cx43-NP) was detected by a specific monoclonal Cx43-NP antibody (Zymed). 4 Total RNA was isolated using TRIzol reagent (Gibco). RT -PCR was performed using One-step hot-start RT -PCR kit (Invitrogen).
Immunoconfocal microscopy
Immunostaining was carried out with polyclonal Cx43-T, monoclonal Cx43-NP antibodies (as above), and N-cadherin antibody (Zymed). Images were collected from a laser scanning confocal microscope (Carl Zeiss).
Microinjection of LY
Four percent LY combined with 1% Rhodamine B dextran was microinjected into one cell of each cell pair in M199 cell culture medium; microinjection and image recording were then performed under a confocal microscope (Carl Zeiss), and intercellular coupling was assessed as previously described. 4 
Statistical analysis
All data were presented as means + SEM. Differences between two groups were evaluated using one-way ANOVA Tukey's Multiple Comparison test, and P , 0.05 was considered to be significant. Figure S1B and C compared with freshly isolated myocytes (Fresh) in Supplementary material online, Figure S1A ). Western blots of isolated rabbit LV myocytes using anti-Cx43-T ( Figure 1A , top) distinguished the lower molecular weight (NP 42 kDa) band, which represents Cx43-NP, from the higher molecular weight (43-46 kDa) bands which represent phosphorylated isoforms of Cx43 (P1 and P2). Culturing control rabbit cardiac myocytes without pacing for 24 or 48 h (C24, C48) led to a significant decrease in total Cx43 expression ( Figure 1A and B, left) that was associated with a marked increase in Cx43-NP ( Figure 1D and F, left) (vs. Fresh). However, pacing cultured rabbit myocytes for 24 or 48 h (P24, P48) preserved Cx43 protein content and phosphorylation state (vs. Fresh; Figure 1A -D, right). We also used the specific anti-Cx43-NP antibody to identify Cx43-NP and found similar results (data not shown).
Immunostaining results ( Figure 1D ) further confirmed unaltered expression as well as distribution of Cx43 protein in paced cultured myocytes. Therefore, all subsequent cell culture and transduction studies were done with pacing.
Reduced intercellular dye coupling in Cx43 knockdown rabbit myocytes
We performed siRNA gene silencing experiments with recombined AdCx43siRNA in control rabbit LV myocytes. X-Gal staining of fixed AdCx43siRNA infected myocytes showed a high efficiency of viral Infection, with .99% of the cell population staining positive ( Figure 2A) . After 24 h, AdCx43siRNA knocked down Cx43 protein expression 40% (comparable to that seen in HF rabbit myocytes) 4 ( Figure 2B , third lane and C, middle). After 48 h, Cx43 expression was further knocked down by 70% ( Figure 2B , fourth lane and C, right). Summarized immunoblot data also revealed that the ratio of non-phosphorylated to phosphorylated Cx43 was unchanged ( Figure 2D ). The knockdown of Cx43 mRNA was also confirmed by using RT -PCR technique (data not shown). With Cx43 knockdown, expression of other cardiac connexins (Cx40 and Cx45) remained the same ( Figure 2E and F ). We used AdGAPDHsiRNA, a positive control, and found a nearly 60% reduction in GAPDH protein, while the levels of Cx43 protein remained unchanged ( Figure 2B , second lane). Moreover, AdNegsiRNA, a negative control, had no knockdown effect on either Cx43 or GAPDH protein ( Figure 2B , first lane). Immunostaining with Cx43-T antibody further confirmed the marked reduction of Cx43 protein in AdCx43siRNA infected myocytes, and that the distribution of the remaining Cx43 proteins, which co-localized with N-cadherin proteins, was unchanged ( Figure 2G and H ). Our results clearly demonstrate the efficacy and specificity of AdCx43siRNA in knocking down Cx43 expression in paced cultured control rabbit LV myocytes. We then assessed intercellular coupling by LY dye transfer experiments. Figure 3A and B shows representative sequential confocal images (at 1, 38, and 217 s) following LY microinjection into one cell of AdCx43siRNA and AdCx43siRNA infected control end-to-end cell pairs. Cx43 knockdown myocytes had decreased intercellular coupling (slower dye transfer), with a 97% increase of rate constant (t, time to reach 63% peak) at 24 h (70.6 + 1.2 s) that was associated with 40% Cx43 knockdown (Figures 2C, middle; 3C and D, middle). At 48 h, t had a 224% increase (116.0 + 5.7 s) that was associated with 70% Cx43 knockdown (Figures 2C, right; 3C and D, right). These were both significantly different vs. AdNegsiRNA infected controls (t ¼ 35.8 + 2.9 s; Figure 3C and D, left). These results (summarized in Figure 3E ) strongly suggest that knockdown of Cx43 (without changing phosphorylation state and distribution of remaining Cx43 protein) in control rabbit myocytes significantly reduces intercellular coupling.
Downregulated Cx43 expression and unchanged distribution of Cx43 proteins with N-cadherin protein in non-ischaemic HF LV
We have previously shown downregulation of Cx43 at both the mRNA and protein levels in HF. 4 Here we further determine whether there are alterations in the distribution of Cx43 proteins associated with the anchoring protein N-cadherin in HF by using immunofluorescence staining and confocal microscopy. Paraformaldehyde-fixed and paraffin-embedded LV tissue sections were double-stained with Cx43-T plus Cx43-NP, or Cx43-T plus N-cadherin antibodies, respectively ( Figure 4A -D) . There was no fluorescence signal found by staining with the secondary antibody only (negative controls, data not shown). Figure 4A and B demonstrates that Cx43 proteins (total and NP) were localized throughout the myocyte membrane in distinctive punctuate patterns, primarily at cell ends (rather than sides) in both control and HF. In HF LV tissue sections (vs. controls), there was less total Cx43 proteins and greater Cx43-NP isoforms (as we previously showed) 4 that was associated with an unchanged amount of N-cadherin proteins ( Figure 4C and D) . In addition, immunoblotting data ( Figure 4E and F ) showed that N-cadherin protein expression in HF LV did not differ from control (normalized to GAPDH).
Overexpression of Cx43 in isolated HF rabbit myocytes
To offset the downregulated Cx43 protein with HF, we overexpressed wild-type Cx43 in isolated HF rabbit LV myocytes by infecting them with AdCx43WT and continually culturing for up to 24 h. Immunoblot data from AdCx43WT infected HF myocytes showed that Cx43-T protein expression (measured as the 42-46kDa band) was increased 87% (vs. AdLacZ infected HF myocytes; Figure 5A and B, left). The ratio of non-phosphorylated to total Cx43 in Cx43WT-overexpressed HF myocytes was similar to that in AdLacZ infected HF controls ( Figure 5B , far right). We further assessed the distribution of overexpressed Cx43 proteins in AdCx43WT infected HF myocytes by double immunofluorescence staining with Cx43-T and N-cadherin antibodies using confocal microscopy. Figure 5C and D shows that immunolabelled Cx43-T protein was distributed in a pattern comparable to that in controls. Thus, there was a greater amount of Cx43, but the distribution of overexpressed total Cx43 protein was similar to that in AdLacZ infected HF myocytes.
Improved intercellular dye coupling in Cx43 overexpressed HF myocytes
To define the effect of overexpressed Cx43 on intercellular coupling in HF myocytes, we performed LY dye transfer experiments as above ( Figure 6A and B) . We found that AdLacZ infected HF myocytes had an increased dye transfer time (t ¼ 49.9 + 1.4 s; Figure 6C and D), which reflects a decreased intercellular coupling, consistent with our prior findings. 4 However, AdCx43WT infected HF cell pairs, with a greater amount of Cx43 proteins, and a comparable phosphorylation state and distribution of Cx43 protein compared with HF controls, showed significantly improved dye coupling (t ¼ 15.5 + 4.5 s vs. AdLacZ infected HF controls, Figure 6C and D).
Discussion
In our previous study, we found that HF rabbit and human cardiac myocytes exhibit downregulation of Cx43 (mRNA and protein) and enhanced Cx43 dephosphorylation that is associated with decreased intercellular coupling. 4 Although we reported for the first time that increased amount of PP2A that is co-localized with Cx43 proteins in HF contributed to Cx43 dephosphorylation and, ultimately, intercellular coupling, the role of downregulated Cx43 per se in impaired intercellular coupling in HF remains unclear.
In the present study, we showed that knocking down Cx43 proteins by a novel siRNA gene silencing technique in cultured adult control myocytes to a level seen in HF (without changing the distribution and phosphorylation state of the remaining Cx43) resulted in a marked reduction of intercellular dye coupling. We then performed the important complementary studies in which we overexpressed wild-type Cx43 in isolated LV myocytes from HF rabbits using an adenovirus encoding a wild-type rat Cx43 gene sequence. We found a significant improvement in cell dye coupling that was associated with a greater amount of total Cx43 protein (levels comparable to controls) but with no change in the ratio of non-phosphorylated to total Cx43 protein (vs. AdLacZ infected HF myocytes). Our results provide new fundamental evidence that modest reduction of Cx43 protein per se contribute to impaired intercellular coupling in the failing heart.
Preservation of Cx43 protein content and phosphorylation state in paced culture myocytes
It has been reported 15 that culturing adult myocytes for up to 48 h can lead to a substantial reduction in Cx43 protein content and Cx43 redistribution. 15 We cultured isolated adult rabbit myocytes and found a similar marked reduction in total Cx43 protein content, but also an increase in the dephosphorylated Cx43 isoform. Berger et al. 16 had shown that, with regular electrical field stimulation, cultured adult myocytes contracted rhythmically and maintained some of the phenotype and biophysical properties of freshly isolated myocytes. In the present study, we cultured isolated adult rabbit myocytes with a periodic electrical stimulation (0.5 Hz) for up to 48 h and found that Cx43 protein content and phosphorylation state as well as Cx43 distribution were well preserved (comparable to freshly isolated LV myocytes and distinctly different from un-stimulated cultured myocytes). These preserved Cx43 protein properties along with our data of LY dye transfer between myocyte pairs suggest functional gap junction channels were still present in our isolated cultured myocytes. Thus, our results clearly show that electrical field stimulation is a practical approach to maintain not only protein content, but also phosphorylation status and distribution of Cx43 and intact functional gap junctions in cultured adult myocytes.
The role of reduced levels of Cx43 proteins in intercellular coupling
The role of Cx43 expression per se in modulating conduction has been extensively studied in conditional or transgenic Cx43 knockout mouse models. 10 -12,17,18 However, the results of conduction velocity measurements from Cx43 heterozygous mouse hearts (50% reduction of Cx43 protein compared with wild-type mice) have been inconsistent, with some studies showing slowing of conduction, 10, 11 whereas others demonstrated no change. 12 In the present studies, we used a siRNA gene silencing technique to achieve specific and homogeneous knockdown of Cx43 protein in cultured myocytes isolated from control rabbit LV. Our findings of reduced dye coupling in cultured adult myocytes associated with a 40% or a 70% knockdown of Cx43 further supports the previous findings of slowing of conduction velocity in Cx43 heterozygous knockout mice heart. In our studies, we excluded the effects of compensation of other cardiac connexin (Cx40 and Cx45) and, more importantly, alterations in distribution and phosphorylation status of the remaining Cx43 protein on reduced cell-cell communication in Cx43 knockdown myocytes.
A recently developed transgenic mouse model with cardiac specific Cx43 ablation during development 13 showed slow conduction when Cx43 was reduced up to 80%, but unchanged conduction when 40% of Cx43 was deleted. Although studies in an inducible deletion of Cx43 (65-95%) in adult mice (avoiding developmental compensation of Cx43 deficiency, but exhibited myocardial inflammation) showed similar results, 17 it is notable that the phosphorylation status of the remaining Cx43 proteins in these Cx43 deletion transgenic mouse models has not been reported. There are numerous studies showing that the phosphorylation state of Cx43 plays an important role in intercellular coupling. 14 Thus, one cannot exclude that the different results of conduction in Cx43 knockdown mouse hearts and our current results could be due, at least in part, to alterations in the phosphorylation status of remaining Cx43 proteins. Species differences could also be counted as another important factor. Along these lines, a number of transgenic rabbit models have been shown to exhibit phenotypes that differ considerably Cx43 modulates cell coupling in heart failure from those in transgenic mice 19, 20 For example, transgenic rabbits overexpressing the G protein G sa do not develop cardiomyopathy like their transgenic mouse counterparts; 20 and phospholamban overexpressing transgenic rabbits have normal cardiac function and response to b-adrenergic stimulation, unlike the transgenic mouse counterparts. 19 These findings might arise from species differences in compensatory changes and/or species differences in cellular physiology (rabbit calcium handling and ion channel physiology is closer to that of human than what is observed in mouse). 21 Moreover, there could well be important differences between rodent and rabbit connexins or connexin-associated proteins that have not been recognized but which could contribute to species-related differences.
Modulating the amount of Cx43 proteins to improve intercellular coupling in non-ischaemic HF
Although the downregulation of Cx43 seems to be a common feature of the failing heart, the role of downregulated Cx43 per se in intercellular coupling in HF remains unclear. We and others had showed that a 40% reduction of Cx43 in diseased heart is associated with impaired intercellular coupling, 4, 22 25 our current results are the first demonstration of the role of Cx43 expression alone in HF myocyte pairs and in a large (non-rodent) animal species. In the present studies, our findings from Cx43 knockdown control myocytes are particularly relevant in that we observed a significant decrease in intercellular coupling when Cx43 proteins levels were decreased by 40%, comparable to the level of reduction that we found in HF rabbit LV. 4 We then went on to perform important complementary studies where we overexpressed wild-type Cx43 in isolated myocytes from our arrhythmogenic rabbit model of non-ischaemic HF. By using an adenovirus encoding a wild-type Cx43 gene sequence, we found that 87% overexpression of Cx43 in isolated HF myocytes (about a 23% higher in Cx43 levels compared with control) resulted in a marked improvement in dye coupling compared with AdLacZ infected HF myocytes. One could argue that in the setting of increased total amount of Cx43 proteins, potential differences in phosphorylation status and distribution of overexpressed Cx43 proteins could affect intercellular coupling. Therefore, we assessed the distribution pattern and phosphorylation state of Cx43 proteins in Cx43 overexpressed HF myocytes and found that the distribution of Cx43 proteins and the ratio of nonphosphorylated Cx43 to phosphorylated Cx43 were similar to that in AdLacZ infected HF myocytes. As such, our current results further confirm that reduction of Cx43 protein expression to levels seen in HF is associated with reduced intercellular coupling. We believe that downregulation and dephosphorylation of Cx43 in HF are double insults that contribute to decreased coupling and ultimately arrhythmogenesis and sudden death; we cannot rule out that other factors may also be contributing.
We assessed the function of Cx43 protein in isolated rabbit myocytes in vitro using a dye coupling approach, as we did in our prior studies. 4 It has been shown that dye permeability of gap junction channels can be connexin-specific and dye-selective (size and charge dependent). 26 Studies suggest that Cx43 has more pronounced dye transfer associated with a higher gap junction conductance (G j ) compared with other cardiac connexins (Cx40 and Cx45) and that Cx43 exhibits a higher selectivity to the anionic dye, LY. 27, 28 Concordant changes in electrical coupling and dye coupling have been found in most studies with Cx43. 24,29 -31 For example, concordant decreases were found in neonatal rat ventricular myocytes that were overexpressing a Cx43 mutant 24 or that were infected with Trypanosoma cruzi, the parasitic cause of Chagas disease. 29 Concordant increase in dye transfer and G j were noted in HeLa cells expressing Cx43 and Cx45 (but not Cx40) treated with AAP10 (anti-arrhythmic peptide 10). 30 To our knowledge, there have been no direct comparisons of t to G j (the technique that we use has only been used by a few groups), but Dong et al. 31 showed a linear relationship between the rate constant of LY dye transfer and G j in HeLa cells transfected with Cx43. It has also been shown that redistribution of Cx43 can alter intercellular coupling in diseased heart. 5 Cx43 lateralization was found in human infarct border zone myocytes from patients with compensated hypertrophy due to valvular aortic stenosis and in the dog heart with pacing-induced HF, 5, 6 and Cx43 remodelling has been associated with reduced longitudinal conduction velocity in hypertrophied right ventricle. 32 N-cadherin, an anchoring protein, has been shown to co-localize with Cx43, and downregulation of N-cadherin could lead to slowing of conduction. 33 In the present study, we did not find enhanced lateralization of Cx43 proteins in LV tissue sections from our HF rabbit model, but we found a reduced total amount of Cx43 proteins co-localized with an unchanged distribution and expression of N-cadherin. Our findings are consistent with results from another non-ischaemic HF rabbit model (pacing-induced HF), 34 although they do not agree with those from pacing-induced HF dogs. 6 Although we cannot exclude effects of our interventions on other Cx43-related proteins, our studies of knocking down Cx43 levels in control myocytes combined with studies of Cx43 over-expression in HF myocytes provide complementary support for the important contribution of Cx43 levels to intercellular coupling.
Implications
Our current results provide important evidence that, in addition to enhanced Cx43 dephosphorylation, downregulation of Cx43 contributes to decreased intercellular coupling in HF. Modulation of Cx43 could be a novel therapeutic approach to improve conduction and reduce the incidence of sudden cardiac death in HF patients.
Supplementary material
Supplementary material is available at Cardiovascular Research online.
